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Abstract
The effects of single amino acid substitutions in the mobile loop region of the recombinant NAD(H)-binding domain (dI)
of transhydrogenase have been examined. The mutations lead to clear assignments of well-defined resonances in one-
dimensional 1H-NMR spectra. As with the wild-type protein, addition of NADH, or higher concentrations of NAD, led to
broadening and some shifting of the well-defined resonances. With many of the mutant dI proteins more nucleotide was
required for these effects than with wild-type protein. Binding constants of the mutant proteins for NADH were determined
by equilibrium dialysis and, where possible, by NMR. Generally, amino acid changes in the mobile loop region gave rise to a
2^4-fold increase in the dI-nucleotide dissociation constants, but substitution of Ala236 for Gly had a 10-fold effect. The
mutant dI proteins were reconstituted with dI-depleted bacterial membranes with apparent docking affinities that were
indistinguishable from that of wild-type protein. In the reconstituted system, most of the mutants were more inhibited in their
capacity to perform cyclic transhydrogenation (reduction of acetyl pyridine adenine dinucleotide, AcPdAD, by NADH in
the presence of NADP) than in either the simple reduction of AcPdAD by NADPH, or the light-driven reduction of thio-
NADP by NADH, which suggests that they are impaired at the hydride transfer step. A cross-peak in the 1H-1H nuclear
Overhauser enhancement spectrum of a mixture of wild-type dI and NADH was assigned to an interaction between the A8
proton of the nucleotide and the LCH3 protons of Ala236. It is proposed that, following nucleotide binding, the mobile loop
folds down on to the surface of the dI protein, and that contacts, especially from Tyr235 in a Gly-Tyr-Ala motif with the
adenosine moiety of the nucleotide, set the position of the nicotinamide ring of NADH close to that of NADP in dIII to
effect direct hydride transfer. ß 1998 Elsevier Science B.V. All rights reserved.
Keywords: Transhydrogenase; Nuclear magnetic resonance; Hydride transfer; Proton pump; Nucleotide; (Rhodospirillum rubrum)
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dI.G234A, recombinant domain I protein from Rhodospirillum rubrum transhydrogenase with Gly234 replaced by Ala (etc.) ; CT-particles,
everted membrane vesicles of R. rubrum (chromatophores) washed to remove the native dI; AcPdAD, acetylpyridine adenine dinucleo-
tide
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1. Introduction
Transhydrogenase is found in the inner mem-
branes of animal mitochondria and in the cytoplas-
mic membranes of bacteria. It catalyses the transfer
of reducing equivalents between NAD(H) and
NADP(H) coupled to the translocation of protons
across the membrane (for reviews, see [1^3]).
NADHNADP HoutINAD NADPHHin
1
The reaction is driven to the right by the proton-
motive force generated by the respiratory (or photo-
synthetic) electron transport chain. The function of
the enzyme is in the provision of NADPH for bio-
synthesis, in the reduction of glutathione, and per-
haps in some circumstances, to improve the control
of £ux through the tricarboxylic acid cycle by allo-
steric regulators of isocitrate dehydrogenase [4,5].
Transhydrogenase has a tripartite organization.
Domains I and III (dI and dIII, respectively), which
possess the binding sites for NAD(H) and
NADP(H), respectively, protrude from the mem-
brane. Domain II (dII) spans the membrane. Re-
combinant forms of dI from Rhodospirillum rubrum
[6] and Escherichia coli [7,8], and of dIII from R.
rubrum, Bos taurus and E. coli [8^10], have been ex-
pressed and puri¢ed, and found to bind nucleotides.
Remarkably, a mixture of dI and dIII catalyses
transhydrogenation, even in the absence of dII [8^
10]. Stopped-£ow experiments reveal that hydride
transfer in the dI:dIII complex is very rapid (k =
550 s31 [11,12]), but the steady state rate is limited
by extremely slow release of product NADP
(kW0.03 s31) or NADPH (kW5U1034 s31) [10]. Hy-
dride transfer between nucleotide bound to dI and
nucleotide bound to dIII is direct and does not in-
volve any intermediate redox cofactors [11]. A recent
experiment provides evidence that the hydride trans-
fer reaction itself is not coupled to proton transloca-
tion [13], and this supports the emerging view that
nucleotide binding and release are the key events in
energy transduction [14,15].
There is a region of the polypeptide chain of dI of
transhydrogenase, which forms a surface loop with
high segmental mobility [7,16^19]. The loop is partly
responsible for a number of well de¢ned resonances
in the 1H-NMR spectrum of the recombinant protein
^ large proteins, the size of the dI dimer
(MrW80 000), usually have only broad, featureless
NMR spectra. The amino acid sequence of the
loop region of the dI protein from R. rubrum trans-
hydrogenase (the best characterized dI protein) is as
follows:
Amino acid substitutions at Tyr235 [17,18] and
Met239 [19] result in the loss of well-de¢ned resonan-
ces and thus permit con¢dent assignments within the
spectrum. The substitutions are accompanied by
changes in the chemical shifts of other resonances
indicating small secondary modi¢cations in the struc-
ture of the loop. Several of the well-de¢ned resonan-
ces broaden considerably upon addition of NAD,
NADH or their analogues in a way that re£ects the
binding a⁄nity of the protein for the nucleotide.
Evidently, the broadening results from loss in seg-
mental mobility of the loop, and from chemical ex-
change processes on the NMR time scale, during the
process of nucleotide binding [7,16]. A NOESY ex-
periment (nuclear Overhauser e¡ect spectroscopy),
performed on the 5P-AMP-dI complex (which under-
goes fairly rapid exchange) revealed through-space
interactions between amino acid residues in the
loop, including Tyr235, and the nucleotide [16]. It
was therefore concluded that the loop folds over
the bound nucleotide and loses mobility. Proteins
with amino acid substitutions in the loop at Tyr235
and Met239 have decreased a⁄nities for nucleotides,
and lowered rates of hydride transfer in I:III com-
plexes, but the apparent docking a⁄nities of the mu-
tant dI proteins for dIII protein are similar to those
of wild-type.
dI of transhydrogenase has a rather similar amino
acid sequence to that of the soluble enzyme, alanine
dehydrogenase (sequence identity is approx. 30%
[20]), whose structure has recently been solved by
X-ray crystallography [21], though the latter protein
lacks the mobile loop. In a model of transhydro-
genase dI, based on the structure of alanine dehydro-
genase [22], the mobile loop maps onto the protein
surface within the NAD(H)-binding subdomain,
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about 10 Aî from the nucleotide-binding site. It was
suggested that loop closure either positions the nu-
cleotide appropriately for hydride transfer, or is re-
sponsible for the exclusion of water from the cata-
lytic site [7,16^19].
In this report we have chosen for study other mo-
bile loop mutants of dI, with single amino acid sub-
stitutions at Met226, Thr231, Gly234, Ala236 and
Lys237. These mutants were selected along the length
of the mobile loop, particularly around the highly
conserved -G-Y-A-K/R- region, to examine the func-
tional role of the altered residues in nucleotide bind-
ing, in complex formation with dIII and in hydride
transfer between nucleotides. In each case the con-
formational dynamics of loop closure during nucleo-
tide binding were examined by NMR. The results
con¢rm preliminary 1H-resonance assignments
made in earlier work, and support the view that
the mobile loop can a¡ect both nucleotide binding
and the process of hydride transfer.
2. Methods
The recombinant DNA sequence coding for dI of
R. rubrum transhydrogenase was inserted into the
vector pMS119EH [23] to give the construct, pCD1
[6], and expressed in E. coli C600. Note that, in con-
trast to the bovine and E. coli systems, dI of R.
rubrum transhydrogenase exists naturally as a sepa-
rate polypeptide [6,18]. Following induction with
1 mM isopropyl L-D-thiogalactoside, the cells were
harvested, and then frozen at 320‡C. The domain
I protein was recovered after mechanical disruption
of the thawed cells by sonication, and puri¢ed by
column chromatography [7]. The quality of the prep-
arations was checked routinely by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE). Protein was determined by the microtannin
procedure [24].
The mutants dI.T231C, dI.G234A and dI.A236G
were generated by the gapped duplex method [25] on
the 700 base pair EcoRI-HindIII fragment of pCD1,
as described [17], and dI.M226F and dI.K237M us-
ing the Stratagene Quickchange kit on the entire
construct, using protocols described by the manufac-
turer. All DNA that had been enzymically polymer-
ised in vitro was sequenced with an Applied Biosys-
tems 373A, according to the manufacturer’s
instructions. Routine DNA preparation, cloning,
cleavage with restriction enzymes, ligation, transfor-
mation, agarose gel electrophoresis, etc. were carried
out as described [26], or according to the manufac-
turers’ instructions. The mutant enzymes were puri-
¢ed as described for the wild-type protein (see
above). All behaved chromatographically in a similar
way, with the exception of dI.G234A, which precipi-
tated irreversibly in the 1.5 M (NH4)2SO4 that is
used routinely prior to loading the ¢nal column of
butyl Toyopearl [18]. For this reason, this protein
was not subjected to chromatography on this col-
umn. Nevertheless, its purity, on the basis of staining
on SDS polyacrylamide gels by PAGE blue 83, was
s 85% (compare s 95% for wild-type and other mu-
tants). During preparation, all the mutant proteins
were assayed after reconstitution with CT-particles
(dI-depleted membranes prepared from R. rubrum
chromatophores [20,27]).
Reconstitution of dI proteins with CT-particles
was by simple mixing. Forward transhydrogenation
was measured as the reduction of thio-NADP by
NADH, and reverse transhydrogenation as the re-
duction of AcPdAD by NADPH. Cyclic transhy-
drogenation was measured as the reduction of
AcPdAD by NADH in the presence of NADP(H).
Where indicated, photosynthetic illumination was
provided with a near infrared light-emitting diode
[28]. Experimental conditions are given in the ¢gure
legends, extinction coe⁄cients, in [29]. Assays of
transhydrogenation were performed on either a dou-
ble-beam spectrophotometer (Shimadzu UV3000) or
on a dual-wavelength instrument (Perkin Elmer
Lambda 16).
Binding a⁄nities of dI proteins were determined
by equilibrium dialysis [30] in conical shaped cells
[31] from Scatchard plots. Best ¢ts were obtained
by non-linear regression (Enz¢t, Cambridge, UK).
The nucleotide concentrations were estimated by £u-
orescence using a Spex FluoroMax.
One-dimensional pulse and collect NMR spectra
were recorded at 37‡C on a 500 MHz Bruker
AMX. Water resonances were suppressed by pre-
saturation. The total acquisition time was typically
12 min. Two-dimensional NOESY experiments
were performed under similar conditions with
mixing times of 200^400 ms. Samples were washed
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in 10 mM (NH4)2SO4, 10 mM [2H] Tris-Cl, 0.5 mM
dithiothreitol in 2H2O, pH 7.6, prior to use, and data
were analysed as described [7].
3. Results
3.1. NMR spectra of transhydrogenase dI mutants
with amino acid substitutions in the mobile loop
region
Of the 15 Met residues in dI of R. rubrum trans-
hydrogenase, four (designated MetA^MetD) are de-
tectable in 1H-NMR spectra of the puri¢ed, recombi-
nant, wild-type protein [7,19]. Of these, MetB and D
are thought not to arise from mobile loop residues ^
their mobility might result from surface location and
free rotation of their S-methyl groups [19]. However,
MetA in particular, and MetC, undergo a change in
their chemical shifts, and are broadened, upon nu-
cleotide binding (see below). MetA was shown to
arise from Met239 [19], and it was speculated that
MetC might be due to Met226. The 1H-NMR spectra
of wild-type dI and dI.M226F are shown in Fig. 1.
MetC is clearly missing from the mutant spectrum,
con¢rming the earlier tentative assignment. Amino
acid substitutions at Met239 led to a small shift in
MetC [19]; reciprocally, in dI.M226F the Met239 res-
onance is shifted up¢eld (Fig. 1). This indicates that
there is an interaction between residues at these two
positions, though this is not necessarily direct. In
contrast, MetB and MetD are completely una¡ected
by mutations at positions 226 and 239, supporting
the view that they do not originate from the loop
([19] and Fig. 1). The spectrum of dI.M226F has a
new singlet resonance at 2.02 ppm, designated MetE,
that is not evident in the wild-type protein. More
striking is the introduction of multiplet signals at
7.31 and 7.24 ppm in the spectrum of dI.M226F,
which clearly arise from the ring protons of the
new Phe residue ^ evidently it retains the mobility
of Met226. The Phe resonances (probably Phe243),
especially the down¢eld component, and the Tyr235
resonances, seen in the wild-type spectrum, are
slightly shifted in dI.M226F, as are resonances in
the region of the methyl protons of Ala and Thr
residues. Other changes in the spectrum are small,
indicating that the overall fold of the protein is not
a¡ected by the mutation. Parenthetically, it should
be noted that the very sharp doublet at 1.33 ppm,
which was previously thought to result from an im-
purity in the preparation [7], has now been assigned
to Ala384 at the presumed highly mobile C terminus
of the protein [33].
Met226 is the most N-terminal residue that we have
mutated. Like Met226, Thr231 is not a conserved ami-
no acid residue. It is one of probably two Thr resi-
dues in the loop region of the R. rubrum protein that
might contribute to the resonances at 1.19^1.22 ppm
in the 1H-NMR spectrum [7,17^19]. Fig. 1 shows
that substitution of Thr231 with Cys results in a sub-
stantial reduction in the Thr Q-CH3 resonances. Evi-
dently, Thr231 lies within a highly mobile region in
the loop, and makes the major contribution to the
Thr resonances in the wild-type protein. The reso-
nances from the CL protons of the new Cys are not
expected in well-resolved parts of the spectrum. The
e¡ects of Thr replacement on other loop resonances
are minimal.
The only invariant residues in the mobile loop re-
gion of transhydrogenase dI are Gly234-Tyr235-Ala236
(R. rubrum numbering). The e¡ects of mutation of
Tyr235 on the NMR spectrum and on catalysis were
described in previous reports [16,18]. Substitution of
Gly234 by Ala (Fig. 1) did not result in signi¢cant
changes in the 1H-NMR spectrum in the region as-
sociated with the K protons of Gly. This is not un-
expected since the region is only poorly resolved in
one-dimensional spectra. The one well-de¢ned reso-
nance in this region, at 3.93 ppm, is due to Gly383
located close to the protein C terminus [33]. How-
ever, the Gly234CAla mutation did give rise to a new
doublet at 1.28 ppm, which is at the up¢eld end of
the range in which L protons of Ala residues in pro-
teins display resonances. A spin-echo spectrum (not
shown) con¢rmed the doublet character, and sup-
ports the interpretation that this resonance arises
from the new, and mobile, Ala234. Its up¢eld position
might result from ring-shifting by the aromatic side
chain of Tyr235. The mutation also gave rise to small
chemical shift changes in the methionine S-methyl
region, a small down¢eld shift of MetA (Met239), a
small loss of intensity of MetB, and the appearance
of MetE (see above). Otherwise the spectrum of
dI.G234A was very similar to that of the wild-type
protein.
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In dI.A236G the loss of the Ala residue correlated
with loss of a doublet at 1.36 ppm (Fig. 1). This is on
the up¢eld side of the other well-de¢ned Ala reso-
nances (there are probably four Ala residues in the
loop region). Though not previously reported, it is a
reproducible feature in wild-type NMR spectra, par-
ticularly at higher temperatures, where band widths
are signi¢cantly narrower (e.g. [16]), and has doublet
character in the spin-echo spectrum (not shown). We
conclude therefore that the resonance at 1.36 ppm
can be assigned to Ala236. Its up¢eld position might
result from the ring-shifting e¡ect of the adjacent
aromatic side chain of Tyr235. This is supported by
an observed down¢eld shift of the 1.36 ppm reso-
nance when the Tyr is replaced by an Asn in
dI.Y235N ([17] and unpublished observations). There
is a small up¢eld shift of the Met239 resonance in
dI.A236G, but apart from this, and the loss of the
1.36 ppm resonance, the spectrum is very similar to
that of the wild-type protein. Resonances from the
Fig. 1. 1H-NMR spectra of wild-type and mutant dI proteins of R. rubrum transhydrogenase. Spectra were recorded as described in
Section 2. Protein concentrations were 220 WM (wild-type), 420 WM (dI.M226F), 240 WM (dI.T231C), 45 WM (dI.G234A), 125 WM
(dI.A236G) and 214 WM (dI.K237M). See text for details.
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new Gly236 were, as expected, not resolved (see
above).
In all sequences, except that of the putative trans-
hydrogenase of Entamoeba histolytica, where it is an
Asn, there is a Lys or an Arg residue on the C-ter-
minal side of the Gly-Tyr-Ala motif of the mobile
loop. The CH2 groups of Lys residues are not readily
resolved in the one-dimensional 1H-NMR spectrum,
and we cannot discern signi¢cant loss of signal, for
example around 1.7 ppm, in the dI.K237M mutant.
However, a new resonance appears, superimposed
upon the Met226 (MetC) and MetD at 2.07 ppm,
that we attribute to Met237 (Fig. 1). That its reso-
nance is quite well de¢ned indicates that the amino
acid residue at this position is in a region with ele-
vated segmental mobility. The mutation also causes a
small up¢eld shift of resonances due to Met239 and
Ala236 (see above).
3.2. The e¡ect of nucleotides on the NMR spectra of
mobile loop mutants
The addition of NADH to wild-type dI leads
to broadening of the well-de¢ned resonances in the
Fig. 2. The e¡ect of NADH concentration on the 1H-NMR spectra of (A) wild-type dI, and (B) dI.M226F. Spectra were recorded in
the conditions described in Fig. 1. The concentration of NADH (in WM) is shown on the left of each spectrum. The dotted line tracks
the progress of the Met239 OCH3 resonance during the titration (see text).
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1H-NMR spectrum (but not those of MetB and
MetD, nor Ala384, see above). This broadening re-
£ects chemical exchange processes on the NMR time
scale, and loss of mobility in the loop as it closes
down on the protein surface [7,16]. The side-chain
signals from many of the mobile loop residues do
not disappear completely when dI is saturated with
NADH, suggesting that some limited degree of mo-
bility is retained. This is consistent with the occur-
rence of fast chemical exchange between free and
bound nucleotide [16]. In general, similar responses
were observed in all the mutants described above,
but the following important di¡erences are noted.
(1) dI.M226F is particularly interesting because of
the behaviour of the Met239 S-methyl resonance dur-
ing titration with NADH. In the wild-type protein,
the Met239 resonance responds very sensitively, shift-
ing up¢eld at very low concentrations of nucleotide
[7,19]. However, because of simultaneous broaden-
ing, it is di⁄cult to track the chemical shift of the
resonance during the titration (Fig. 2A). Perhaps be-
cause the exchange rate is a little faster, or because
the loss of mobility is less pronounced, the broad-
ening e¡ect in dI.M226F is much less evident, and
consequently the change in the chemical shift of the
Met239 resonance can be observed even at high con-
centrations of NADH (Fig. 2B). This gives a reason-
able ‘end point’ for the chemical shift at saturating
nucleotide, and hence a good binding curve (Fig. 3).
The Kd determined by this procedure is comparable
with that obtained by equilibrium dialysis in Table 1.
(2) The behaviour of dI.T231C during a titration
with NADH is very similar to that of wild-type pro-
tein. The remaining Thr-Q resonance, a doublet at
1.21 ppm (probably Thr228), broadens over approx-
imately the same NADH concentration range as oth-
er resonances in the mobile loop (data not shown).
(3) The new Ala resonance at 1.28 ppm in
dI.G234A undergoes broadening in NADH titrations
similar to that of other mobile loop resonances in the
spectrum (data not shown). The apparent Kd of the
protein, from the change in the chemical shift of
Met239 (making reasonable assumptions about the
titration end point [19], see Table 1), is only slightly
higher than that in wild-type dI (Table 1).
(4) MetE, revealed in dI.G234A and in dI.M226F,
does not broaden after addition of NADH (data not
shown). It is unlikely to arise from amino acid resi-
dues within the mobile loop, although this conclu-
sion raises the question as to why MetE is only de-
tectable as a consequence of substitutions in the loop
region.
(5) In dI.A236G the loop resonances are only
broadened at very high concentrations of nucleotide.
Complementary to this, the resonances of the added
nucleotide appear in the spectrum at much lower
concentrations than they do in wild-type protein
(see [7,16]). Both these observations indicate that
the a⁄nity of dI.A236G for NADH is much lower
than that of wild-type. As in dI.M226F (see above),
the Met239 S-CH3 resonance of dI.A236G broadens
less extensively than it does in titrations with wild-
type dI, and thus an accurate estimate of the binding
a⁄nity is possible (Table 1). The Kd for NADH of
420 WM is about 10-fold higher than with the wild-
type protein. Since the increase in Kd is probably
mainly the result of an increase in the o¡ rate con-
stant for the nucleotide, the less extensive broadening
of the Met239 resonance in dI.M226F and in
dI.A236G might result partly from an increased
Table 1
Binding a⁄nities of dI mutants for NADH
dI protein Kd (WM) by NMRa Kd (WM) by eqm. dialysisf
Wild-type dI not determined 30 þ 5
dI.M226F 100b 130 þ 10
dI.T231C not determined 58 þ 6
dI.G234A 55c 35 þ 5
dI.A236G 420d 330 þ 70
dI.K237M 85e 75 þ 20
aDetermined from the shift of the S-CH3 resonance of Met239.
For dI.M226F, dI.A236G and dI.K237M the resonances re-
mained sharp throughout the titration, and hence gave good
end points. For dI.G234A resonance broadening was more pro-
nounced, and the end point was estimated (see text). Experi-
ments were performed in the conditions described in Figs. 1
and 2.
bChange in the chemical shift from 1.921 ppm (no nucleotide)
to 1.770 ppm (saturated with NADH).
cChange in the chemical shift from 1.979 ppm (no nucleotide)
to an estimated 1.774 ppm (saturated with NADH).
dChange in the chemical shift from 1.934 ppm (no nucleotide)
to 1.82 ppm (saturated with NADH).
eChange in the chemical shift from 1.951 ppm (no nucleotide)
to 1.660 ppm (saturated with NADH).
f Equilibrium dialysis measurements were performed in 50 mM
Tris-HCl, 10 mM (NH4)2SO4, pH 7.2 [30]. In experiments with
dI.T231C, the bu¡er was supplemented with 1 mM dithiothrei-
tol. The value for wild-type protein was taken from [30].
BBABIO 44688 23-10-98
S. Gupta et al. / Biochimica et Biophysica Acta 1409 (1998) 25^38 31
rate of exchange between the NADH-bound state of
the protein, where the loop has closed down, and the
nucleotide-free conformation, where the loop is mo-
bile. However, this is not a complete explanation, (a)
because the extent of broadening is rather similar in
dI.M226F and in dI.A236G, and yet the Kd values
are substantially di¡erent, and (b) because the de-
crease in linewidth of the Met239 resonance in
dI.M226F (relative to wild-type) is considerably
greater than the 3-fold increase in the Kd. It would
seem, therefore, that the Met239 resonance in the
NADH-bound states of dI.M226F and dI.A236G is
sharper than in the NADH-bound wild-type dI, pos-
sibly because the loop fails to close down properly in
the two mutants, and therefore the Met239 side-chain
retains some segmental mobility.
(6) In dI.K237M the resonance from the S-CH3 of
Met237 is shifted up¢eld slightly during titration with
NADH. Met226 and Met239 shift as in the wild-type
[7,19], though with rather less broadening on the
latter. The Kd calculated from the shift of Met239
was approx. 85 WM (see Table 1).
NAD binding to wild-type dI also leads to broad-
ening and shifting of the mobile loop resonances
[7,16]. Because the a⁄nity of the protein for the oxi-
dised nucleotide is lower [6,30], higher concentrations
of NAD than of NADH are required for these ef-
fects. Equivalently, nucleotide resonances emerge
from the baseline noise at lower concentrations of
NAD than they do in NADH titrations [7,16].
Therefore, subject to the caveat that resonance
broadening usually obscures the titration ‘end point’
(see above), these parameters provide an indication
of nucleotide-binding a⁄nity of the protein. The con-
clusion from titrations of the mutant proteins with
reduced and oxidised nucleotides (data not shown)
was that increases in the Kd for NADH seem to be
paralleled by increases in the Kd for NAD.
3.3. NADH-binding a⁄nities of the mobile loop
mutants
The binding a⁄nities of the dI loop mutants, de-
termined by equilibrium dialysis and by NMR, are
shown in Table 1. All the tested mobile loop mutants
had a lower a⁄nity for NADH. The Kd values for
NADH of dI.M226F, dI.T231C, dI.G234A and
dI.K237 were increased approx. 1.5^4-fold (as were
Fig. 3. The binding a⁄nity of dI.M226F for NADH. Taken from experiments similar to those shown in Fig. 2B. The binding con-
stant was calculated according to the equation:
Nobs  Nfree  Nbound3Nfree ET  LT  Kd 
ET  LT  Kd234ETLTp
2ET
( )
where ET and LT are the concentrations of total enzyme and total ligand, respectively, Nobs is the observed chemical shift of the
Met239 resonance during the titration, and Nfree and Nbound are the chemical shifts of the free and bound states, respectively (modi¢ed
from [34]). The equation was ¢tted to the data using a non-linear regression programme.
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those of dI.Y235N, dI.Y235F, dI.M239I and
dI.M239F [17,19]), whereas that of dI.A236G was
increased 10^20-fold. In all cases the binding stoichi-
ometry was approximately one NADH per protein
monomer (recombinant dI is dimeric [7,20]).
3.4. Interactions between bound nucleotides and the
mobile loop region of dI
Previous NOESY experiments on the complex of
wild-type dI and 5P-AMP showed several cross-peaks
due to protein-nucleotide interactions [16]. 5P-AMP
was selected for those experiments because its weaker
binding, and therefore faster exchange rate with the
protein, produced less broadening of the mobile loop
resonances. Amongst the cross-peaks, one was tenta-
tively assigned to an interaction between the KCH of
Tyr235 and the A8 proton of the nucleotide adenosine
group. A further prominent cross-peak, from the A8
proton to proton(s) at 1.36 ppm, was noted. It was
of interest to determine whether this cross-peak arose
from the LCH3 of Ala236, which has now been as-
signed at around this chemical shift (see above).
Because of the increased Kd values (Table 1), and a
consequent faster rate of exchange, we have now
been able to perform NOESY experiments using
dI.M226F (as a control) and dI.A236G with
NADH, rather than 5P-AMP. Apart from some mi-
nor di¡erences which result from signal processing,
the spectrum of dI.M226F plus NADH (Fig. 4B)
shows a similar pattern along the chemical shift of
the A8 and A2 protons to that of wild-type dI and
5P-AMP (Fig. 4A). The cross-peak from the A8 pro-
ton to proton(s) at 1.36 ppm is clear. However, in the
spectrum of dI.A236G and NADH (Fig. 4C) the
A8C1.36 ppm cross-peak is missing. Therefore, in
the wild-type protein, it probably does originate from
the Ala236 LCH3. Note, that in the spectra with wild-
type protein and with dI.M226F, the A8C1.36 ppm
cross-peak was detected with mixing times of 200 ms
and 400 ms. Taken together with the fact that spin
di¡usion tends to occur along covalent bonds, and
that the nucleotide is non-covalently bonded to the
protein, this indicates that the cross-peak is attribut-
able to an nOe. It is concluded, therefore, that the L
protons of Ala236 are located within 5 Aî of the A8
proton of the NADH.
Additional two-dimensional NOESY experiments
Fig. 4. 1H-1H NOESY spectra of (A) wild-type dI plus 5P-AMP, (B) dI.M226F plus NADH and (C) dIA236G plus NADH. The ex-
perimental conditions were as described in Fig. 1 (and see Section 2), except that the protein concentrations were 250 WM (wild-type),
400 WM (dI.M226F) and 200 WM (dI.A236G). The mixing times were 200 ms (wild-type and M226F) and 400 ms (dI.A236G).
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have con¢rmed the position of the Tyr235 KCH pro-
ton resonance at 4.52 ppm [33]. The NOESY spec-
trum of dI.A236G plus NADH (Fig. 4C) shows a
cross-peak from the A8 proton of NADH to a pro-
ton (or protons) resonating at around 4.52 ppm,
which can probably be attributed to Tyr235 KCH.
In this experiment, the 4.52 ppm signal could con-
ceivably arise from part of the nicotinamide ribose
ring, but this caveat does not apply to the earlier nOe
assignment, where the bound nucleotide was 5P-
AMP. In summary, these data, taken together with
the de¢nitively assigned A8CAla236 LCH3 nOe, al-
low us greater con¢dence in the assignment of the
A8CTyr235 KCH nOe.
3.5. Catalytic properties of the mobile loop mutants
Separately, recombinant wild-type dI protein and
dI-depleted R. rubrum membranes (CT-particles) do
not catalyse transhydrogenation, but simple admix-
ture completely restores activity [20]. The properties
of the reconstituted system are indistinguishable
from those of the native enzyme. Table 2 summarises
the results of experiments in which transhydrogena-
tion activities were measured after reconstituting mu-
tant dI proteins with CT-particles. Note that the rates
of ‘reverse’ transhydrogenation (the reduction of
AcPdAD by NADPH), and of the light-driven for-
ward reaction (the reduction of thio-NADP by
NADH), are limited in rate by product release, either
NADP or thio-NADPH, respectively [13]. In con-
trast the ‘cyclic reaction’ (the reduction of AcPdAD
by NADH by way of protein-bound NADP and
NADPH) under appropriate conditions is limited
by hydride transfer and associated steps [13,14]. Sim-
Fig. 5. The docking a⁄nities of mobile loop mutants with dI-
depleted membrane vesicles (CT-particles). See Section 2. Ex-
periments were performed in 50 mM MOPS, pH 7.2, 50 mM
KCl, 50 WM NADPH, 200 WM AcPdAD, 100 WM NADH,
and at a bacteriochlorophyll concentration of 6.0 WM. b, wild-
type dI; F, dI.A236G; a, dI.G234A; E, dI.K237M; R,
dI.M226F; 7, dI.T231C.
Table 2
Michaelis constants derived from steady-state rates of forward (light-driven), reverse and cyclic transhydrogenation catalysed by CT-
particles reconstituted with mutant dI proteins
Mutant NADPHCAcPdAD NADHCthio-NADP Cyclic
Vmax (%)
Km (AcPdAD)
(WM)
Km (NADPH)
(WM)
Vmax
(%)
Km (s-NADP)
(WM)
Km (NADH)
(WM)
Vmax
(%)
Wild-type typ. 100^150 typ. 10^20 100 typ. 20^26 typ. 5^9 100 100
dI.M226F 3.1Uw.t. 1.5Uw.t. 55 1.2Uw.t. 1.2Uw.t. 70 35
dI.T231C 1.2Uw.t. 1.4Uw.t. 58 1.3Uw.t. 1.6Uw.t. 77 90
dI.G234A 3.7Uw.t. 1.2Uw.t. 51 1.2Uw.t. 1.0Uw.t. 76 15
dI.A236G 1.5Uw.t. 1.3Uw.t. 72 1.5Uw.t. 1.2Uw.t. 76 53
dI.K237M 1.4Uw.t. 1.3Uw.t. 75 1.2Uw.t. 1.8Uw.t. 60 63
See Section 2. Reverse transhydrogenation (in the dark) was measured at 30‡C in 50 mM MOPS, pH 7.2, 50 mM KCl, 200 WM
NADPH, 200 WM AcPdAD, 70 nM dI (wild-type or mutant) and CT-particles equivalent to 6 WM bacteriochlorophyll. Typically, the
rate with wild-type dI was between 16 and 20 Wmol (Wmol bacteriochlorophyll)31 min31. Light-driven forward transhydrogenation
was measured at 30‡C in 50 mM Tris-HCl, pH 8, 50 mM KCl, 2 mM MgCl2, 2 mM sodium succinate, 1.0 Wg (ml oligomycin)31, 100
WM thio-NADP, 100 WM NADH, 70 nM dI (wild-type or mutant) and CT-particles equivalent to 6 WM bacteriochlorophyll. Typi-
cally, the rate with wild-type dI was between 0.8 and 2.5 Wmol (Wmol bacteriochlorophyll)31 min31. Cyclic transhydrogenation was
measured under similar conditions to those used for the reverse reaction, except that the nucleotides were 40 WM NADP, 200 WM
AcPdAD and 100 WM NADH. Typically, the rate with wild-type dI was between 40 and 65 Wmol (Wmol bacteriochlorophyll)31
min31.
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ilar to those dI mutants with substitutions at posi-
tions 235 and 239 [18,19], reconstituted dI.M226F,
and especially dI.G234A, are appreciably more in-
hibited in the cyclic reaction than in forward or re-
verse transhydrogenation, indicating an e¡ect at the
level of hydride transfer. All mutants tested, with the
possible exception of dI.T231C, were inhibited to
some extent in their ability to catalyse the cyclic re-
action.
The Michaelis constants for transhydrogenation in
the reconstituted systems varied a little (by less than
a factor 2) from one preparation of CT-particles to
another, especially the low values of the Km for
NADP(H) and for NADH. This might be a conse-
quence of di¡erent levels of contaminating nucleo-
tides associated with the membranes [32], or of other
enzymes that react with nicotinamide nucleotides.
For this reason, in assays to determine the Km, mu-
tant dI protein was always compared with wild-type
protein on the same preparation of CT-particles (Ta-
ble 2). Within error, the Km values for NADH and
for thio-NADP during forward transhydrogena-
tion, and for NADPH during reverse transhydroge-
nation were similar in all the mutants tested, but (as
in dI.M239 and dI.Y235 mutants [17,19]) there was a
large increase in the Km for AcPdAD with
dI.M226F and dI.G234A ^ see Table 2. In other
mutants (dI.T231C, dI.A236G, dI.K237M) the Km
for AcPdAD was not signi¢cantly di¡erent from
wild-type. In cyclic transhydrogenation, competition
between NADH and AcPdAD for the binding site
on dI leads to pronounced ‘substrate inhibition’ [18],
and thus the estimation of Km values was not at-
tempted.
Fig. 5 shows the dependence of the rate of cyclic
transhydrogenation catalysed by CT-particles upon
the concentration of added dI. Although the maxi-
mal rate of reaction at saturating dI was dependent
on the nature of the mutation (in accordance with
the data in Table 2), the dI concentration required to
give the half-maximal rate was approximately the
same for all the proteins tested. Taking this value
as an indication of the binding a⁄nity [17], it would
appear that mutations in the mobile loop region do
not a¡ect docking with domains II/III.
4. Discussion
The replacement by site-directed mutagenesis of
Met226, Thr231 and Ala236 (this work) and Tyr235
[17,18] and Met239 [19] results in the loss of well-
de¢ned resonances from the 1H-NMR spectrum of
dI from R. rubrum transhydrogenase. Furthermore,
the introduction of Phe at position 226, Ala at 234,
Phe at 235, Met at 237 and Phe at 239, gives rise to
resonances with the chemical shift expected for the
new residues. These observations strongly support
the suggestion [7] that this region of the protein (res-
idues 224^243) is a £exible loop. The elevated local
mobility, by decreasing the t2 relaxation rate of nu-
clei in the loop, leads to narrower resonances that are
more readily detected in the NMR spectrometer. The
assignments of prominent resonances in the spectrum
of the wild-type dI protein are summarised in Table
3. In this table it is assumed that those resonances
which are not broadened upon NAD(H) binding,
notably MetB, MetD, MetE, and the narrow reso-
nances located at 1.33 ppm (Ala384) and at 3.93 ppm
(Gly383), see above, derive from amino acid residues
in other relatively mobile positions located outside
the loop. Ala384 and Gly383 are close to the C termi-
nus of the protein, but the identity of the Met resi-
dues is not known.
Single-site substitutions in the region generally give
rise to secondary changes in the chemical shift of
resonances attributable to other loop residues, often
at some distance in the sequence, e.g. changes of
Met226 induce chemical shift changes at Met239, and
Table 3
Current assignments of well-resolved resonances in the 1H-
NMR spectrum of wild-type R. rubrum dI protein
1H resonance Chemical shift (ppm)
*PHE243 Ring H 7.32, 7.20
*Tyr235 ring H 7.12, 6.82
Gly383 CKH 3.93
Gln382 CQH 2.36
MetD COH 2.08
*Met226 COH 2.06
MetB COH 2.04
*Met239 COH 1.97
*Ala236 CLH 1.36
Ala384 CH 1.33
*Thr228 CQH 1.22
*Thr231 CQH 1.20
* signi¢es amino acid residues in the mobile loop region.
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vice versa (see Fig. 1 and Section 3). Ultimately,
these secondary e¡ects must arise from structural
changes in the region, but they represent a time aver-
age of the environment of the resonant nucleus and
they might be quite small ; in the absence of other
evidence they cannot be taken as an indication of
stable conformational states in the mobile loop.
This issue is considered in more depth in a forthcom-
ing manuscript [33].
The results of the experiments described above
also con¢rm and extend the conclusion reached in
earlier reports [7,16^19], that the mobile loop region
of transhydrogenase dI has a role in the binding of
NAD(H), and in the process of hydride transfer be-
tween that nucleotide and NADP(H) on dIII. Single
amino acid substitutions at di¡erent positions in the
loop have di¡erential and complex e¡ects on the
binding a⁄nity, and on the rate of transhydrogena-
tion. Replacement of the invariant Tyr235 has the
most pronounced e¡ect on processes associated
with hydride transfer (92% inhibition of cyclic trans-
hydrogenation when replaced by Phe, and 97% when
replaced by Asn [18]), but conservative substitution
of the neighbouring, invariant Gly234 also led to con-
siderable inhibition (85% in dI.G234A, Table 2). It is
proposed that this residue has a structural role, pro-
viding proper positioning of Tyr235 for interaction
with the adenine ring of the nucleotide (see below).
Substitution of Ala236 (again an invariant residue)
had a smaller inhibitory e¡ect. The presence of a
basic residue at position 237 is not essential for cata-
lytic activity, but substitution at this position, and at
position 226, also gives rise to signi¢cant inhibition
of the transhydrogenation rate. It is clear that sub-
stitution of even poorly conserved amino acid resi-
dues in the mobile loop region can have an inhibitory
e¡ect on hydride transfer, though substitution of
Thr231 by Cys had only a marginal e¡ect.
Of the mutations studied to date, that of A236G
has the largest e¡ect on the binding a⁄nity for
NADH (a 10-fold increase in Kd), though all other
tested substitutions have small but signi¢cant e¡ects.
Thus, the KNADHd values for dI.M239F, dI.M239I,
dI.Y235F, dI.Y235N [18], and for dI.M226F,
dI.T231C, dI.G234A, dI.K237M (this work), are all
increased by 1.5^4-fold. It is, therefore, suggested
that interactions between the nucleotide and amino
acid residues in the loop directly make only a small
contribution to the binding energy (just 1^3.5 kJ
mol31). The observed nOes between the A8 adeno-
sine protons and the KCH of Tyr235 and LCH3 of
Ala236, indicate close proximity; perhaps hydrogen
bonds between the adenosine and these residues pro-
vide those interactions. It seems, however, that even
conservative substitution at position 236 gives rise to
a loop whose structure has a disruptive e¡ect on
contacts within the nucleotide-binding pocket formed
by the core of the dI protein.
In a simple mechanism an increase in the Kd of a
modi¢ed enzyme for a substrate should be accompa-
nied by a similar (or even a larger) increase in the
Km. However, the decreased a⁄nities of NADH
binding to mobile loop mutants of dI are not re-
£ected in increased Km values for the nucleotide dur-
ing light-driven forward transhydrogenation after re-
constitution with CT-particles (Table 2). This
response should have been especially evident in
dI.A236G, where the Kd increase was large. Of
course, the NADH-binding a⁄nity was measured
on isolated dI, and the Michaelis parameters on the
reconstituted system. Therefore, it is likely that the
apparent discrepancy re£ects hitherto unrecognized
interactions between dI and domains II/III.
Wild-type dI binds NAD with a 10-fold lower
a⁄nity than it binds the reduced nucleotide [30]. Be-
cause the NAD-binding a⁄nities of many of the
loop mutants are even lower, it is di⁄cult to deter-
mine their Kd values reliably. Nevertheless, the NMR
experiments mentioned in Section 3 suggest that mu-
tations in the loop region do lower the binding a⁄n-
ity of dI for oxidized as well as reduced nucleotide. It
would seem, therefore, that interactions with the
loop are not responsible for the fact that dI binds
NADH more tightly than NAD. Our model of dI
[22], based on the crystal structure of alanine dehy-
drogenase [21], is consistent with this conclusion.
Thus, closure of the mobile loop can permit ap-
proach of Tyr235-Ala236 to the adenosine moiety of
bound NADH (as evidenced by the nOes observed
here, and elsewhere [16]), but then, because of the
distance involved, this would probably preclude in-
teraction between any other loop residue and the
nicotinamide ring of the nucleotide. It is now clearly
established that there are no intermediate redox steps
during hydride transfer between NADP(H) and
NAD(H); the two nicotinamide rings must closely
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approach one another to e¡ect the reaction[11,12].
We are therefore led to believe that loop closure
during catalysis cannot have a direct role during the
hydride transfer process, for example by in£uencing
the redox potential of the nucleotides.
There is no correlation between either the meas-
ured Kd values for NADH, or our semi-qualitative
estimates of the a⁄nities for NAD (see above), and
the Km values for AcPdAD during reverse transhy-
drogenation by mutated dI proteins reconstituted
with CT-particles. In some mutants (dI.G234A) there
is a large increase in the Kd for NADH (10-fold), but
barely any increase in the Km for AcPdAD (1.2-
fold), whereas in others (dI.M239F, dI.M239I [19],
dI.Y235F, dI.Y235N [17], and dI.G234A and
dI.M226F, this work), only a small increase in Kd
is accompanied by a very large increase in the Km
for AcPdAD. This probably indicates that the Km
for AcPdAD is complex, having terms involving the
a⁄nity for AcPdAD, and rate constants for other
steps in the multi-step catalytic sequence. In fact,
changes in the Km for AcPdAD do correlate well
with the inhibitory e¡ects on the rate of hydride
transfer; those mutants showing substantial increases
in the Km for AcPdAD all have a greatly inhibited
rate of cyclic transhydrogenation.
None of the loop mutants described to date are
altered in their binding a⁄nity for R. rubrum CT-
particles, which accommodate the dII and dIII com-
ponents of transhydrogenase ([17,19] and Fig. 5,
above). It is, therefore, unlikely that the mobile
loop region makes a signi¢cant contribution to the
binding energy between dI and the other components
of the enzyme, though it cannot be ruled out that the
loop is involved in the recognition processes. Simi-
larly, there is no discernible e¡ect of substitutions in
the loop region on the Km values either for NADP
or for NADPH during forward and reverse transhy-
drogenation, respectively, after reconstitution (Table
2), indicating that there is no interaction between the
mobile loop and the nucleotide binding site on dIII.
The picture that is now emerging from detailed
kinetic analyses and interpretation of NMR data is
that, through interactions with the adenosine part of
the NAD(H), amino acid residues in the mobile loop
region of dI function in the proper positioning of the
nicotinamide rings of the bound nucleotides. Resi-
dues in the invariant G-Y-A motif of the loop have
pronounced and di¡erential e¡ects on the nucleotide
binding a⁄nity and the rate of hydride transfer.
They appear to function concertedly to stabilise nu-
cleotide binding and orientation in order to facilitate
hydride transfer between nucleotides bound on dI
and dIII.
Acknowledgements
We are grateful to the Biotechnology and Biolog-
ical Sciences Research Council for ¢nancial support,
and to Drs. John Smith, Mark Jeeves, Barry Levine
and Eva Hyde for discussion.
References
[1] J.B. Jackson, P.G. Quirk, N.P.J. Cotton, J.D. Venning, S.
Gupta, T. Bizouarn, S.J. Peake, C.M. Thomas, Biochim.
Biophys. Acta (1998) in press.
[2] T. Olausson, O. Fjellstrom, J. Meuller, J. Rydstrom, Bio-
chim. Biophys. Acta 1231 (1995) 1^19.
[3] Y. Hate¢, M. Yamaguchi, FASEB J. 10 (1996) 444^452.
[4] J. Rydstrom, J.B. Hoek, Biochem. J. 254 (1988) 1^10.
[5] L.A. Sazanov, J.B. Jackson, FEBS Lett. 344 (1994) 109^116.
[6] C. Diggle, M. Hutton, G.R. Jones, C.M. Thomas, J.B. Jack-
son, Eur. J. Biochem. 228 (1995) 719^726.
[7] C. Diggle, N.P.J. Cotton, R.L. Grimley, P.G. Quirk, C.M.
Thomas, J.B. Jackson, Eur. J. Biochem. 232 (1995) 315^326.
[8] O. Fjellstrom, C. Johansson, J. Rydstrom, Biochemistry 36
(1997) 11331^11341.
[9] M. Yamaguchi, Y. Hate¢, J. Biol. Chem. 270 (1995) 28165^
28168.
[10] C. Diggle, T. Bizouarn, N.P.J. Cotton, J.B. Jackson, Eur. J.
Biochem. 241 (1996) 162^170.
[11] J.D. Venning, R.L. Grimley, T. Bizouarn, N.P.J. Cotton,
J.B. Jackson, J. Biol. Chem. 272 (1997) 27535^27538.
[12] J.D. Venning, T. Bizouarn, N.P.J. Cotton, P.G. Quirk, J.B.
Jackson, Eur. J. Biochem. (1998) in press.
[13] T. Bizouarn, S.N. Stilwell, J.M. Venning, N.P.J. Cotton, J.B.
Jackson, Biochim. Biophys. Acta 1322 (1997) 19^32.
[14] M.N. Hutton, J.M. Day, J.B. Jackson, Eur. J. Biochem. 219
(1994) 1041^1051.
[15] N.A. Glavas, P.D. Bragg, Biochim. Biophys. Acta 1231
(1995) 297^303.
[16] T. Bizouarn, C. Diggle, P.G. Quirk, R.L. Grimley, N.P.J.
Cotton, C.M. Thomas, J.B. Jackson, J. Biol. Chem. 271
(1996) 10103^10108.
[17] C. Diggle, P.G. Quirk, T. Bizouarn, R.L. Grimley, N.P.J.
Cotton, C.M. Thomas, J.B. Jackson, J. Biol. Chem. 271
(1996) 10109^10115.
[18] T. Bizouarn, R.L. Grimley, C. Diggle, C.M. Thomas, J.B.
Jackson, Biochim. Biophys. Acta 1320 (1997) 265^274.
BBABIO 44688 23-10-98
S. Gupta et al. / Biochimica et Biophysica Acta 1409 (1998) 25^38 37
[19] R.L. Grimley, P.G. Quirk, T. Bizouarn, C.M. Thomas, J.B.
Jackson, Biochemistry 36 (1997) 14762^14770.
[20] I.J. Cunningham, R. Williams, T. Palmer, C.M. Thomas,
J.B. Jackson, Biochim. Biophys. Acta 1100 (1992) 332^338.
[21] P.J. Baker, Y. Sawa, H. Shibata, S.E. Sedelnikova, D.W.
Rice, Nature Struct. Biol. 5 (1998) 561^567.
[22] P.J. Baker, P.A. Buckley, D.W. Rice, P.G. Quirk, J.B. Jack-
son (1998) in preparation.
[23] J.P. Furste, W. Pansegrau, P. Franck, H. Blocker, P. Scholz,
M. Bagdasarian, E. Lanka, Gene 48 (1986) 119^131.
[24] S. Mejbaum-Katzenellenbogen, W.J. Drobryszycka, Clin.
Chem. Acta 4 (1959) 515^522.
[25] P. Stanssens, C. Opsomer, Y. McKeown, W. Kramer, M.
Zabeau, H.J. Fritz, Nucleic Acids Res. 17 (1989) 4441^4454.
[26] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning.
A Laboratory Manual, Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, 1989.
[27] R.R. Fisher, R.J. Guillory, J. Biol. Chem. 246 (1971) 4679^
4686.
[28] N.P.J. Cotton, T.M. Lever, B.F. Nore, M.R. Jones, J.B.
Jackson, Eur. J. Biochem. 182 (1989) 593^603.
[29] T. Palmer, J.B. Jackson, Biochim. Biophys. Acta 1099 (1992)
157^162.
[30] T. Bizouarn, C. Diggle, J.B. Jackson, Eur. J. Biochem. 239
(1996) 737^741.
[31] A. Cheng, G.M. Carlson, Anal. Biochem. 134 (1983) 505^
511.
[32] S.N. Stilwell, T. Bizouarn, J.B. Jackson, Biochim. Biophys.
Acta 1320 (1997) 83^94.
[33] P.G. Quirk, S. Gupta, M. Jeeves, K.J. Smith, J.B. Jackson
(1998) in preparation.
[34] L.Y. Lian, G.K.C. Roberts, in: G.K.C. Roberts (Eds.),
NMR of Macromolecules. A Practical Approach, IRL Press,
Oxford, 1993, pp. 153^182.
BBABIO 44688 23-10-98
S. Gupta et al. / Biochimica et Biophysica Acta 1409 (1998) 25^3838
